Analysis of electron spin resonance spectra of 5-doxyl stearic acid in aqueous suspensions of Clostridium acetobutylicum ATCC 824 and the butanol-tolerant SA-2 derivative during a small-scale fermentation at three different butanol challenge levels indicated that the SA-2 strain is able to respond to the physical fluidizing effect of high (1.5%) butanol challenge by reducing its membrane fluidity at 12 and 30 h. The wild-type 824 strain was unable to so respond when challenged at the 1.5% level.
limitation of this fermentation relates to the toxicity of the butanol end product on the producing microorganism, Clostridium acetobutylicum, and the resulting low concentration of solvent in the fermentation broth. If the amount of butanol produced in the fermentor could be increased from 1.2 to 2% (wt/vol), then the distillative energy recovery costs would be cut in half (7) . Such an increase in butanol concentration would make this fermentation an economically viable process.
Studies in other biological systems have shown that alcohols act to disrupt cell membrane structure and thereby inhibit cellular processes (4, 5, 8) . Recent work in our laboratory (1) involved an examination into the effect of butanol challenge and temperature on the lipid composition and membrane fluidity of butanol-tolerant C. acetobutylicum. Cell membrane fluidity analysis by fluorescence depolarization using trans-parinaric acid indicated that the membrane fluidity exhibited by the butanol-tolerant SA-2 strain remained essentially constant at various butanol challenge and temperature combinations, whereas the membrane fluidity of the ATCC 824 wild-type strain increased with increasing butanol challenge. We suggested that by synthesizing an increased amount of saturated fatty acids, the butanol-tolerant strain has developed a mechanism for maintaining a homeoviscous membrane environment. Earlier work by Vollherbst et al. (9) using electron spin resonance (ESR) spin label analysis found that butanol added at subinhibitory levels caused a ca. 20 to 30% increase in fluidity of lipid dispersions from C. acetobutylicum ATCC 824. However, these workers were unable to obtain reproducible data using the hydrocarbon spin label 7N14 and the membranes of intact cells and therefore extracted the lipids from midexponential-phase cell cultures and caused lipid dispersions to form. The objective of our study was to examine the effect of butanol challenge on the membrane fluidity of intact cells of C. acetobutylicum ATCC 824 and the butanol-tolerant SA-2 strain over the course of a 30-h fermentation, using ESR analysis with the 5-doxyl stearic acid spin label probe (6).
The C. acetobutylicum ATCC 824 and SA-2 strains were grown and maintained as described previously (1 e Protoplasts prepared from exponential cells grown in 2 liters of P2 plus 0.2% glycine were collected by centrifugation (12,000 x g for 10 min at room temperature) and stored under liquid nitrogen until use. The pellet was allowed to thaw before suspension into 180 ml of P2 buffer (pH 7.0) containing 0.3 M sucrose, 25 mM CaC12, and 25 mM MgCl2. Lysozyme (0.2 g) was dissolved in 20 ml of the same P2 buffer and allowed to stand for 1 h at room temperature before mixing with cell suspension. The mixture was allowed to incubate for 45 min at room temperature before centrifugation (2,600 x g for 10 min at room temperature). The protoplasts were washed twice with P2 buffer containing 0.15 M KCI before NMR analysis.
f Lipids were prepared as described previously (1) .
suspensions of intact cells, protoplasts, and extracted lipids from C. acetobutylicum ATCC 824 with and without added 5-doxyl stearic acid can be seen in Table 1 . Equivalent percent AT1 values (-15) obtained for both intact cells and protoplasts when 3.0 pumol of probe per ml was used indicated that the extent of interaction or binding of the probe in such samples was similar. On the basis of these preliminary results, it was decided that it would be possible to detect membrane fluidity changes of intact C. acetobutylicum cells by using ESR with the 5-doxyl stearic acid probe. This observation is further supported by Finne and Matches (2), who found that the spin label 12-N-oxyl-oxazolidinstearic acid showed the same rotational correlation time in intact clostridial cells as in the lipid preparations extracted from the same cells.
In preparation for ESR measurements, the cells were prepared as described above, with the following exceptions: (i) a 20 mM 5-doxyl stearic acid solution was utilized, (ii) the cell washing steps were omitted, and (iii) cell material (0.1 ml) was transferred to the tubes containing the probe. After the samples were stirred, they were drawn by capillary action into Pyrex capillary tubes (1 mm [inner diameter] by 100 mm). The ends were quickly flame-sealed. ESR spectra were determined using a Varian E9EPR spectrometer (Varian, Inc., Sunnyvale, Calif.) equipped with a Varian E102 microwave bridge. The cavity (Varian E-238) was mounted so that the sample was horizontal, to prevent the cells from settling out of the sensitive volume of the cavity. A standard Varian Flow Dewar was used for temperature control. All experiments were performed at room temperature. The typical spectrometer settings were: field center, 3228 G; operating frequency, 9 .03 or 9.065 GHz; modulating amplitude, 2 G; sweep field, 200 G; microwave power 12 or 12.5 mW; sweep time, 0.128 or 0.064 s. The fluidity of the membrane was quantitated by measuring the broadening of the central peak of the 5-doxyl stearic acid which is incorporated to levels in excess of 90% (data not shown) into the membrane lipid bilayer. The peak-to-peak line width was measured in the first derivative ESR spectrum and is designated W. Additional details on the analysis and broadening mechanisms using 5-doxyl stearic acid were recently reported (6).
The calculated peak width values from ESR spectra of 5-doxyl stearic acid in aqueous suspensions of C. acetobutylicum ATCC 824 and the butanol-tolerant SA-2 derivative during a small-scale fermentation in P2 medium at three different butanol challenge levels can be seen in Fig. 1 . The initial W (4 h) values for both strains were higher for the challenged (1.0 and 1.5% butanol) than for the unchallenged cell samples. At 12 and 30 h, there was a dramatic decrease in peak width (fluidity) for the SA-2 strain at all challenge concentrations. This result is consistent with the idea of a biological compensatory response (1) by this strain to either accumulated butyrate (0% challenge) or accumulated butyrate plus added butanol (1.0 and 1.5% challenges). Although there was a similar, albeit later, compensatory response manifested as a decrease in fluidity at 30 h for the 0 and 1% butanol-challenged 824 strain, at the higher 1.5% challenge level, this strain was unable to respond to the physical fluidizing effect of butanol. The ability of the SA-2 strain to compensate for the 1.5% added butanol challenge over the course of this 30-h fermentation is a reflection of the fact that growth of SA-2 into the late stationary phase at 37°C resulted in an overall greater increase in the saturated to unsaturated fatty acid ratios for both unchallenged and challenged cells when compared with the response by the ATCC 824 strain (1). C. acetobutylicum SA-2 is more butanol tolerant than the 824 strain because the former is able to alter its membrane more effectively at high concentrations of butanol and thereby maintain a more suitable membrane environment. It is the greater ability of the SA-2 strain to alter its lipid composition during the acetonebutanol-ethanol fermentation which appears to increase the tolerance of this microorganism to butanol. 
